N orthern countries like Finland, Canada, and Scotland have a long tradition of using oats in a variety of foods. Even in these countries, however, the consumption of oats is low in comparison with that of other cereals. Processing of oats is required to provide edible products that are stable in storage and have good sensory properties. Traditionally, oats are used as whole grains. The development of new ingredients, such as various milling fractions (i.e., bran, flour, and hulls) and enriched fractions (i.e., starch, protein, and b-glucan), started in the 1980s in response to accumulating evidence of the health benefits of oat dietary fiber. New functional oat foods conferring specific health benefits are needed to make the most of these nutritionally based assets of oats.
Oats' distinguishing features, in comparison with other cereal grains, are their high lipid and b-glucan concentrations and lower starch concentration. These features give rise to special challenges: lipid oxidation during storage and processing can cause rancid flavors, and the high viscosity of water-solubilized b-glucan-i.e., mixed-linkage (1→3)(1→4)-b-d-glucan-impacts texture and sensory characteristics. Oat starch is special in comparison with other cereal starches. It contains more lipids and has a lower gelatinization temperature and slower rate of retrogradation than cereal starches in general. Oat grain also contains dietary fibers other than bglucan, as well as vitamins, minerals, phenolic antioxidants, sterols, and proteins high in lysine (22, 41) .
Appearance, odor, texture, and flavor are key attributes in determining the overall sensory characteristics of a food (Fig. 1) . Since sensory quality is a crucial criterion in consumer food choice, control of sensory attributes is important to the attractiveness of new oat foods. Oats are considered by most people to make a tasty cereal, and they have a positive health image.
form various new flavor compounds during processing. The same compounds can give very different flavors as their amounts and relative proportions vary depending on the process parameters.
Similar volatile compounds are found in different types of processed oats; the extent of processing affects mainly their amounts and relative proportions. Some volatile compounds (i.e., aldehydes, ketones, and alcohols) are dominant in both raw and processed oats, but heat treatment produces numerous pyrazine and pyridine derivatives. In general, untreated grain or flour contains small amounts of just a few flavoractive compounds (8) . These include aliphatic aldehydes, such as pentanal and hexanal, formed as oxidation products from fatty acids, and the corresponding alcohols pentanol and hexanol. Some of the carbonyl compounds possess a "green" odor note with a pungent flavor.
Nonvolatile phenolic compounds, such as phenolic acids, lignans, and avenanthramides, often contribute considerably to the flavor of oat products (5, 12, 34, 47) . The most abundant phenolic acid in cereals is ferulic acid, but others, such as sinapic, pcoumaric, syringic, and caffeic acids, also contribute to the flavor (47, 48) . Although phenolic acids are mostly present in bound form, free phenolic acids may influence the flavor in very small (10-90 mg/kg) amounts (5) . Some phenolic compounds (p-coumaric acid, vanillin, p-hydroxybenzaldehyde, and coniferyl alcohol) may also contribute to the rancid, bitter, intense flavor of oats (30) .
Proteases produce amino acids or peptides in the product. Free amino acids and, especially, small peptides may themselves influence flavor or may act as flavor precursors. At high temperatures, amino acids form flavor-active volatile compounds as a result of the Maillard reaction. This reaction is one of the major reactions influencing the flavor and color of processed foods (7) . It consists of several complex reactions, not all of them yet known in detail. High temperatures and dry atmosphere accelerate the reaction, in which free amino acids or small peptides together with free sugars form volatile flavoring compounds, such as heterocyclic pyrazines, pyrroles, furans, and sulfur-containing compounds.
The flavor of untreated oat grain is mild and bland. There is little literature available since untreated oats are not generally marketed or consumed because off-flavor develops too rapidly. The flavor of processed products is better documented (9) . Some examples of the sensory attributes used to describe processed oat grains and oat products are collected in Table I . The flavor of native oat groats was described as raw oats, weedy-hay, and grassy resembling, whereas the flavor of oatmeal was described as being mild oats, hay-weedy, and browned (14) . (In this article, the term "native" is applied to oats that have been traditionally milled to provide a stabilized product for human consumption. The precursor is the groat or dehulled "raw" oats.)
Nonatrienal has been identified as the key odorant giving oat flakes the characteristic cereal-like aroma (38) . The desired oatlike flavor results from heat treatment, which simultaneously inactivates the lipolytic enzymes (30) . However, the thermal treatment of hulled oats resulted in rancid and bitter flavor notes, whereas dehulled oats were perceived as being fresh and oatlike in flavor (30) .
Effect of Toasting on Flavor

Oatmeal
Hrdlicka and Janicek (15, 16) studied the nutlike flavor of toasted oat flakes and identified typical carbonyls and unusual amines. The authors stated that these compounds cannot be regarded as the sole source of toasted flavor. Heydanek and McGorrin (13) reported systematic studies on various aspects of oat flavor chemistry, which form the basis of the extensive review of oat flavor chemistry by Heydanek and McGorrin (14) . In the review, they show oat flavor to be a complex, precursordependent, heat-induced collection of volatile flavor components. In addition to processing, variety and growing site are also important factors in determining the flavor of oatmeal (50) . The sensory quality of 12 cooked-oatmeal samples was related to both variety and growing conditions, with variety being the major controlling factor. The results of volatile profile analysis indicated that most of the volatiles in oatmeals were induced during heat processing; relatively few volatiles were detected in groats, while more than 50 peaks were detected in cooked oat porridge (50) .
Oat groats, the precursors of commercial oat food products, are devoid of inherent flavor contributors and have a mild flavor, defined as raw oats, weedy-hay, and grassy. Heydanek and McGorrin (14) identified 111 volatile compounds from oat groats. The principal components responsible for the weak hay, grassy odor were identified as monoterpenes and hexanal. In the concentrations observed, they would be expected to make little contribution to oat flavor in cooked, hydrated, or processed systems (14) . The major components composing the green cereal-type odor and flavor were identified as 3-methyl-1-butanol, 1-pentanol, 1-hexanol, hexanal, 1-octen-3-ol, (E,E)-and (Z,E)-3,5-octadien-2-one, and nonanal. In addition, Heydanek and McGorrin (14) found many components associated with enzymatic activity, such as alcohols and aldehydes; those most notable from a flavor standpoint included 3-methylbutanal, 2,4-decadienal, and benzaldehyde.
The well-known flavor of oatmeal and toasted oat flakes has been shown to be composed of both neutral and basic flavor compounds.
Nitrogen heterocycles, formed by Maillard reactions, and lipid oxidation products are the key compositional types of flavor volatiles. Heat-induced reactions of precursors native to the oat groat are primarily responsible for the development of oat flavor during its normal processing into commercial food products. The flavor of vacuum-steam-distilled oat flavor volatiles was evaluated by a laboratory panel (14) . The sensory properties of the oat systems show progressive flavor development as additional heat treatments are applied during oatmeal manufacture and consumption (Table II) . When groats are rolled and flaked to make oatmeal, the steaming step, which also completes enzyme inactivation, provides the first development of true oat flavor. The five-minute cooking step required to prepare oatmeal completes the development of its flavor character.
Most of the nutty, browned flavor character was found in the basic flavor fraction of heat-processed oatmeal. The acid/ neutral flavor fraction contained greengrain-type flavor notes. The two major flavor characteristics of oats were further studied in separate fractions. The basic flavor fraction exhibited an increase in oaty-nutty flavor, the result of an increase in the complexity and concentration of nitrogen heterocycles (Table III) . The more highly substituted pyrazine and thiazole compounds 2-ethyl-3,5-dimethylpyrazine, 2-methyl-4-ethylthiazole, and 2,4-dimethyl-5-ethylthiazole were the most abundant. As these compounds have the lowest flavor thresholds (26), they are expected to be important to the nutty flavor developed in cooked oatmeal (14) . Dramatic changes were reported to occur in the neutral flavor fraction during oatmeal preparation. Several oxygenated volatiles appear in oatmeal after the rolling and flaking operation with its associated heating steps, only one of which, hexanal, was detected in dry oat groats (Table IV) .
Toasted Oats
For another end use, another typical flavor characteristic of oats is developed by toasting them to a nutty, browned flavor either in the flaked or groat form (14) . Toasted oat flakes and groats are commonly used in granola-type products and specialty breads. In oats, the browning re- actions that form toasted, nutty flavor are not developed exclusively from a classic Maillard system utilizing amino acids and reducing sugars. The reaction of Maillard intermediates with lipid oxidation products also potentially plays a role in the formation of flavor compounds in oats under toasting conditions (14) . Analysis of the flavor volatile components developed during toasting of oat groats revealed that a uniquely different flavor developed in the process (14) . The basic flavor fraction of the toasted groats had strong nutty, earthy, toasted, slightly harsh, and burnt notes, whereas the neutral fraction was described as burnt grain, browned, heavy, and not oaty. The basic flavor fraction of toasted groats contained relatively larger amounts and more varied types of components than the similar fraction of oatmeal. Roughly 70 compounds were identified in the fraction, the major ones being alkyl-substituted pyrazines, alkyl thiazoles, pyridines, and oxazoles (14) . More than 150 components were noted in the neutral flavor fraction of toasted oat groats. An increase in reducing sugar degradation products (i.e., furans) and 2,4-decadienals was noted in oat groats after toasting. Toasting is a severe heat treatment. During this process, the Maillard browning reaction, Amadori rearrangements, and extensive lipid oxidation take place to provide many of the volatiles of the neutral flavor fraction (14) .
Effect of Malting on Flavor
Germination and subsequent heat treatment can be used to form new flavor compounds and to improve and enhance the pleasant nutty and grainy aroma associated with oats (14) . Moisture, temperature, and time are the usual major variables. The heating and drying that complete the process of malt formation are particularly important for flavor formation. The alkaline pH of the germination medium promotes the formation of compounds yielding a caramel-like odor (36) . During germination, the hydrolysis of b-glucan and starch and the increase in the amount of reducing sugars result in increased sweetness. The amount of free fatty acids also rises, increasing the risk of rancidity (32, 33) . Oil, reducing sugars, and free fatty acids are important precursors of the flavor compounds.
Germinated grains are a good source of free amino acids and sugars, which act as flavor precursors (36) . Germination of oats leads to an increase in free lysine and tryptophan and a slight decrease in prolamin (4) . A large array of Maillard reactive compounds is formed in germinated oats. During germination, different types of volatile compounds are formed at low processing temperatures and high moisture levels than are formed at higher temperatures and lower moisture levels. After kiln drying, oat flavor components (such as terpenes, alkylbenzenes, aldehydes, alcohols, and heterocyclic compounds) develop (5). English-style ales brewed using malted oats had a pronounced toasted, biscuity aroma and palate, combined with a creamy and relatively intense mouthfeel (43) .
Effect of Additional Heat Processing on Milled Oat Flavor
Flavor may be considerably modified by thermal processes, such as drying, extrusion cooking, autoclaving, puffing and roasting, or microwave heating. These methods all use high temperature. Pretreatments before the heating step may also greatly influence the flavor. Both temperature and moisture are important factors in flavor formation of extruded products (2) . Two groups of flavor compounds are detected in extruded oats: compounds from the Maillard reaction, such as pyrazines, pyrroles, furans, and sulfur-containing compounds with toasted sensory descriptions, and compounds originating from lipid oxidation, such as hexanal and hexanol (31, 35, 40) . Maillard reaction products are especially abundant in extruded oats processed at high temperature and low moisture. These products are described as roasted or toasted, caramelized, and somewhat sweet or nutty in flavor (14, 31) . Extruded oat products are extremely susceptible to oxidation due to the increased surface area and high fat content.
In baking, the flavor compounds formed in the crust are mainly compounds related to the Maillard reaction, which give the crust a toasted, nutty flavor. A toasted and cereal-like flavor has also been reported in heat-treated oat flakes (39) . Cooked oatmeal was described with the flavor attributes toasted, sweet, cereal, and chemical (19) . The roasted, sweet, and nutty characteristics can clearly be related to such volatile compounds as dimethyl sulfides and isobutanol (10) .
Changes in Flavor of Oat Products During Storage
Flavor deterioration of cereals during storage occurs through losses of desired flavor compounds by volatilization, as well as development of undesired off-flavors (49) . In oat milling, heat treatment is a crucial step to prevent the development of bitter off-flavors and rancidity during storage, primarily through oxidative or hydrolytic degradation of lipids. A high fat content (4-8%) makes oats particularly susceptible to this process, although reactions of proteins and phenolic acids should not be excluded as sources of off-flavor.
During processing as well as storage, two distinct reactions may detrimentally modify oat lipids; they are hydrolysis, in which triacylglycerols or phospholipids are converted to free fatty acids, and oxidation, in which polyunsaturated fatty acids are converted to hydroperoxides and further to secondary oxidation products. Oxidative rancidity develops from both enzymatic and nonenzymatic processes. The resultant long-chain hydroxy fatty acids cause a bitter taste, whereas rancid flavor is associated with volatile aldehydes, ketones, and alcohols, hexanal being the most dominant. Note, however, that hexanal is present at low levels in samples with acceptable flavor, and so rancidity occurs when hexanal and its associated components increase dramatically above normal levels (39) .
Raw, unstabilized oats contain high activity of lipase (a hydrolytic catalyst), whereas the activity of lipoxygenase (an oxidative catalyst) is low (3). Lipase, lipoxygenase, and peroxidase are activated by the physical disruption of the grain. They can be inactivated by heat treatment, although, if the grains are inappropriately stored or treated (for example, in high moisture), the level of free fatty acids may still rise (6, 11, 29) . In addition to high moisture content, elevated temperature (38°C) and high oxygen concentration have been shown to increase the development of rancidity in oats during storage (21, 30) . Thus, appropriate storage conditions of low moisture and temperature are required to prevent or minimize the development of rancidity. Stability of flavor depends both on the amount of free fatty acids and on resistance to oxidation; so phenolic compounds, such as avenanthramides and caffeic acid, by acting as antioxidants and delaying lipid oxidation, may prevent the development of rancidity (30) .
Consumer Perception of Oats
Oats are perceived as a tasty cereal and traditionally carry a positive health image. More recently established health benefits may not, however, guarantee repeated consumer selection if the sensory quality is inadequate. Taste and texture, or overall sensory appeal, drive both the choice of new foods (1, 45, 46) and overall food choices (28, 42) . Functional products are first considered to be members of a specific product category and only subsequently thought of as functional food (46) . Factors affecting the consumer's willingness to use beverages and ready-to-eat frozen soups containing oat b-glucan have been studied in Finland, France, and Sweden (25) . The presence of a health claim (either cholesterol-lowering or reduced glycemic response) gave a significant but small added value to soups and beverages with b-glucan. When consumer expectations (before tasting) were surveyed, beverages with health claims were rated as having higher additional value than soups with health claims. This was explained by the fact that, as soups often are considered to be healthy, a health claim cannot easily make the product more attractive. The taste of the samples strongly affected the willingness of a consumer to use them. Also, earlier studies have demonstrated that consumers are not willing to compensate for bad taste with health effects (44) .
Future of Oat Products
The well-established nutritional and long-term health benefits of oat consumption cannot be realized unless the oats are processed to functional and palatable foods and ingredients acceptable to the consumer (24) . Since the present level of consumption is small, it might be said that oats has hidden potential. Current end uses include porridge, bread, breakfast cereals, biscuits/ cookies, snack bars, and some forms of pasta and beverages, but products that will lead to consistently increased consumption of oats are yet to be developed. Tailoring the taste and texture of novel products is a prerequisite for achieving the necessary consumer acceptance.
Despite the recognition of oats' value as a functional food, little attention has been paid to the formation of taste in oat baking or to development of baking technology to improve the baking quality of oats. If even a small portion of the efforts put toward understanding the baking quality and processability of wheat flour were devoted to oat baking, completely new types of oat bread, with specific health claims, could surely be manufactured. Another littlestudied area is the structure engineering of thermally processed oat foods and beverage-type foods. Our understanding of the physical and chemical properties of the major and minor oat components remains incomplete. Specifications are needed to set criteria for the health benefits of oat foods. However, in addition to health benefits, the new oat foods must have acceptable mouthfeel, flavor, and stability. The "hidden" potential of oats is just waiting to be revealed to the consumer when convenience, good taste, and health attributes can be combined. Anu Kaukovirta-Norja is technology director and vice president of bio and process technology at VTT Technical Research Centre of Finland. She has wide expertise in bioprocessing of plant materials, and has been actively working with functional plant ingredients, especially oat ingredients. Her special focus has been on cereal technology, including fractionation technologies, malting and brewing, and on cereal chemistry, especially on lipids and lipid-related enzymes. She has much experience in leading industry-driven technology projects. She chairs the Finnish Oat Association, and has an active role in development of high-fiber and high-protein fractions of cereals in different food applications. Kaukovirta-Norja can be reached at Anu.Kaukovirta-Norja@vtt.fi. Provides an excellent source of oat nutritional information -Includes details of oat nutritional studies and potential health claims with a special emphasis on b-glucans.
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